Introduction
============

The lymph node (LN) is a well-designed organ that orchestrates the immune response upon challenge by an infection or antigen. Structurally, LNs comprise the cortex, the paracortex and the medulla.^[@bib1],\ [@bib2]^ B cells mainly reside in the cortex, forming subcapsular follicles, whereas T cells and dendritic cells (DCs) are positioned in the paracortex area. DCs recognize, take up and process pathogens and antigens, and present the degraded products to T cells via major histocompatibility complex (MHC) molecules, together with co-stimulatory molecules and cytokines. Static immunohistochemistry (IHC) and two-photon confocal live imaging have been used to examine the dynamic regulation of intranodal immune responses, which are tightly coupled with the microanatomy of LNs.^[@bib3],\ [@bib4],\ [@bib5],\ [@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ Discrete locations of DC subsets also have been reported.^[@bib11],\ [@bib12]^ The inflammatory milieu alters gene expression, dynamically remodels the architecture of the LN, inhibits the systemic spreading of pathogens and directs the subsequent adaptive immune responses.^[@bib13],\ [@bib14],\ [@bib15],\ [@bib16],\ [@bib17],\ [@bib18]^

Inflammatory DCs are a DC population induced by infection and inflammation settings. They are termed moDCs (monocyte-derived DCs) or TipDCs (TNFα- and iNOS-producing DCs).^[@bib19]^ Since the original report that phagocytic monocytes can differentiate into DCs within LNs,^[@bib20]^ inflammatory DCs have been identified by the expression of various surface markers (for example, Ly6C, F4/80, CCR2, DC-SIGN (CD209), CD206, FcεRI and CD64 (FcγRI)) in many settings.^[@bib21]^ However, their development remains to be determined.^[@bib22]^ Recent studies revealed that CD64 can be used to distinguish moDCs or macrophages from conventional DCs (cDCs).^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^ FcγR-mediated internalization of antigen--antibody immune complexes (ICs) induced DC maturation and MHC I-restricted cross-presentation *in vitro*.^[@bib29]^ However, the identity of DC subsets that cross-present IC antigens has not been demonstrated.^[@bib30]^ Although CD8α^+^-resident cDCs and CD103^+^ migratory cDCs have been shown to be superior in cross-presentation,^[@bib31]^ CD11b^+^ cDCs and inflammatory DCs also cross-present antigens delivered via FcγR in certain settings.^[@bib32],\ [@bib33],\ [@bib34]^ However, the role of FcγR expression, particularly that of CD64, in inflammatory DCs in cross-presentation and priming of T cells remains unclear.

We previously reported that systemic infection with *Listeria monocytogenes* (LM, a Gram-positive intracellular bacterium that induces the Th1 response) recruits neutrophils, monocytes and natural killer (NK) cells to the T-cell zone of the mouse spleen, where NK cells, positioned around neutrophil/monocyte clusters, are activated to produce IFN-γ, which in turn activates the neighboring monocytes to differentiate into inflammatory DCs.^[@bib35]^ The dynamics were subsequently visualized by multi-photon intravital microscopy,^[@bib36]^ and similar immune responses were observed in the peritoneum infected with another intracellular parasite, *Toxoplasma gondii*.^[@bib37]^ No prior imaging study has examined the location and dynamics of inflammatory DCs in LNs, and thus understanding of how inflammatory DCs participate in the immune response requires more detailed analysis of inflamed LNs. Therefore, using *Listeria* as a model pathogen, we investigated myeloid cell subsets in inflamed, skin-draining LNs. We observed that CD64^+^CD11c^+^MHCII^+^ DC-like cells were increased in the LNs of infected mice subcutaneously infected with *Listeria*. We show that CD64^+^ cells are a heterogeneous population originated from both monocytes (CD64^+^ moDCs) and cDCs (CD64^+^ cDCs). Importantly, although CD64^+^ moDCs display robust inflammatory gene expression, CD64^+^ cDCs have a higher potential to stimulate T-cell proliferation and differentiation. Furthermore, CD64^+^ cDCs show efficient uptake and cross-presentation of a soluble antigen delivered in ICs. These findings delineate the early inflammatory responses that drive the differentiation of two types of inflammatory DCs, including a previously unrecognized population of CD64^+^ cDCs harboring the cross-presenting ability of ICs.

Materials and methods
=====================

Ethics statement
----------------

All animal experimental procedures were performed in accordance with the Animal Protection Act of the Ministry of Agriculture, Food and Rural Affairs and the Laboratory Animal Act of the Ministry of Health and Welfare/Ministry of Food and Drug Safety, and approved by the Institutional Animal Care and Use Committee (IACUC; KA2010-21) of the Korea Advanced Institute of Science and Technology (KAIST).

Mice and antibodies
-------------------

All mice were in C57BL/6 background and housed under specific pathogen-free conditions at the KAIST animal facility. Gender and age-matched mice were used. *Ccr7*^−/−^ (B6.129P2(C)-*Ccr7*^*tm1Rfor*^/J) and *Ccr2*^*−/−*^ (B6.129S4-*Ccr2*^*tm1Ifc*^/J) mice were kindly provided by Dr RM Locksley (UCSF), while *Batf3*^−/−^ (B6.129S(C)-*Batf3*^*tm1Kmm*^/J) and *Ifnar*^*−/−*^ (B6.129S2-*Ifnar1*^*tm1Agt*/^Mmjax) mice were provided by Dr HK Lee (Korea Advanced Institute of Science and Technology). *Flt3*^−/−^ (*Flt3*^*tm1Irl*^) mice were provided by Dr JH Choi (Hanyang University). The antibodies used are listed in [Supplementary Table 1](#sup1){ref-type="supplementary-material"}.

Infection and immunization
--------------------------

Live wild-type (WT) *Listeria monocytogenes* (10^4^ or 2 × 10^3^ CFU; strain, 10403S), 10^8^ CFU of HKLM, 10^8^ CFU of Δ*hly*LM for infection and 20 μg of ovalbumin (OVA) or 1, 5 and 20 μg of Alexa Fluor 647-conjugated OVA protein (A647-OVA) emulsified in 40 μl complete Freund's adjuvant (CFA, Sigma-Aldrich, St Louis, MO, USA) for immunization were subcutaneously injected into mouse footpads.

Cell isolation
--------------

Popliteal LNs were passed through a cell strainer (SPL, Pocheon-si, Gyeonggi-do, Korea) to generate single-cell suspensions. For DC isolation, LNs were digested with 1.6 mg ml^−1^ collagenase IV (Worthington Chemicals, Lakewood, NJ, USA) and 20 μg ml^−1^ DNase I (Roche, Basel, Switzerland) in Hanks' Balanced Salt Solution supplemented with 10 m[M]{.smallcaps} HEPES, 1 mM MgCl~2~ and 1.8 m[M]{.smallcaps} CaCl~2~ for 25 min at 37 °C, incubated with 0.01 M EDTA (pH 8.0) for 5 min at room temperature, and processed into a single-cell suspension for antibody staining. Single-cell suspensions were prepared by mechanically disrupting the sample with a 19-Ga needle and then passing the sample through a 70 μm filter.

Flow cytometry and sorting
--------------------------

Cells isolated from LNs were blocked with the anti-CD16/32 antibody (clone 2.4G2) and then stained for surface molecules. For anti-CD64 staining, 5% mouse serum was added. For intracellular staining of IFN-γ and CCR7, the cells were pre-stained for surface molecules, fixed with 3.8% formaldehyde, permeabilized with 0.5% saponin, and then stained with the indicated antibodies. DAPI (4, 6-diamidino-2-phenylindole; Roche) staining or a LIVE/DEAD Fixable Violet Dead Cell Stain Kit (Invitrogen, Carlsbad, CA, USA) was used to exclude dead cells. Lineage (CD3, CD19, NK1.1)-positive cells were excluded from the subsequent analysis of myeloid cells in the LNs. Live cells were counted using counting beads (Invitrogen). The cells were sorted using an ARIA II or ARIA III (BD Biosciences, San Jose, CA, USA). Data were acquired using an LSRFortessa flow cytometer (BD Biosciences) and analyzed with FlowJo software (Treestar, Ashland, OR, USA).

Immunohistochemistry
--------------------

For the staining of B220, CD11b, CD11c, IFN-γ *Listeria*, Ly6G, Lyve-1, NK1.1 and PNAd, LNs were harvested, fixed in 2% paraformaldehyde/phosphate-buffered saline for 2 h at 4 °C and embedded in optimal cutting temperature (OCT) compound (Sakura Finetek USA Inc., Torrance, CA, USA). Frozen LNs were cut into 6-μm sections with a Leica cryomicrotome (CM 1850, Leica, Wetzlar, Germany). For the staining of CD64 and CD169, LNs were embedded in OCT compound without fixation, cut into sections and dehydrated in acetone. The staining of 7/4 was performed in both fixed and unfixed sections. LN sections were incubated with 1% H~2~O~2~ and 0.1% sodium azide/phosphate-buffered saline for the quenching of endogenous peroxidase when tyramide amplification (Invitrogen) was used, and/or blocked with 5% normal goat serum containing 1% blocking solution (Invitrogen). B220, CD11b, CD169 and 7/4 were stained with fluorescein isothiocyanate (FITC)- or Alexa Fluor 647-conjugated antibodies. *Listeria* was detected with a rabbit anti-*Listeria* antibody and visualized with an Alexa Fluor 594-conjugated goat anti-rabbit secondary antibody. Ly6G, Lyve-1 and PNAd were stained with biotin-conjugated primary antibodies and visualized with Alexa Fluor 555-conjugated streptavidin (SA). To detect IFN-γ and NK1.1, we stained LN sections with biotin-conjugated primary antibodies followed by horseradish peroxidase-conjugated SA. The signal was further amplified using tyramide-biotin followed by Alexa Fluor 555-conjugated SA. For CD64 staining, LN sections were blocked with 5% normal goat serum and mouse serum containing a 1% blocking solution and stained with a phycoerythrin (PE)-conjugated anti-CD64 antibody. The signal was further amplified using an horseradish peroxidase-conjugated anti-phycoerythrin antibody, biotin-tyramide and Alexa Fluor 555-conjugated SA. CD11c was visualized with a biotin-conjugated anti-CD11c antibody, and the signal was amplified with horseradish peroxidase-conjugated SA and Alexa Fluor 555-conjugated tyramide. For detecting eYFP^+^ cells from *Clec9a-cre*::ROSA-eYFP mixed bone marrow (BM) chimera mice, LN sections were stained with a fluorescein isothiocyanate-conjugated anti-GFP antibody cross-reactive to eYFP (Abcam, Cambridge, UK). The stained sections were mounted with Vectashield (Vector Laboratories, Burlingame, CA, USA). Micrographs were acquired with a Nikon ECLIPSE 80i and analyzed with the NIS-Elements Br software (Nikon Instruments Inc., Tokyo, Japan).

Generation of mixed bone marrow chimeric mice
---------------------------------------------

C57BL/6 (CD45.2) mice were exposed twice to 450 rad of γ- or X-ray irradiation at a 3 h interval and then subjected to tail-vein injection of a mixture of BM cells from WT (CD45.1) and *Ccr2*^−/−^ (CD45.2) or *Flt3*^−/−^ (CD45.2) or *Clec9a-cre*::ROSA-eYFP mice (5 × 10^5^ cells for each, except 1 × 10^6^ cells from *Clec9a*-*cre*::ROSA-eYFP BM cells). Mice were used for experiments 6--10 weeks after reconstitution. BM cells from *Clec9a-cre*::ROSA-eYFP mice were kindly provided by Dr Barbara Schraml (Klinikum der Universität München).

Titration of bacteria
---------------------

Mice were infected with 2 × 10^3^ CFU WT *Listeria monocytogenes* by injecting them subcutaneously into the footpads. At the indicated times following infection, draining popliteal LNs were collected and dissolved in 0.1% Triton X-100/phosphate-buffered saline. Cell lysates were serially diluted and plated on brain heart infusion (BHI) agar plates. Bacterial colonies were counted 24 h later.

IC formation
------------

For the experiments of IC-mediated antigen uptake, OVA-rabbit IgG ICs were prepared by incubating A647-OVA (1 μg) and rabbit control (25 μg, Jackson ImmunoResearch Laboratories, West Grove, PA, USA) or anti-OVA (25 μg, Abcam) antibody at 37 °C for 30 min.

*In vitro* T-cell stimulation
-----------------------------

To examine the T-cell-stimulating ability of DC subsets for soluble antigens, mice were immunized with OVA (20 μg)/CFA by subcutaneous injection to footpads, and then 3 days later, DC subsets were sorted from LN cells. OT-II or OT-I cells from uninfected mice were sorted by ARIA II. Sorted T cells were labeled with 5 μ[M]{.smallcaps} CFDA SE (carboxyfluorescein diacetate, succinimidyl ester; Vybrant CFDA SE cell tracer kit; Invitrogen). Sorted DCs (5 × 10^3^ cells each type) were co-cultured with 2.5 × 10^4^ OT-I cells with or without OVA~257--264~ peptide (SIINFEKL, 1 μg ml^−1^) for 3 days or 10^4^ OT-II cells with OVA~323--339~ peptide (ISQAVHAAHAEINEAGR, 100  ng ml^−1^) for 5 days in the presence of human IL-2 (50   Uml^−1^, Peprotech, Rocky Hill, NJ, USA). Proliferation was determined by flow cytometry based on the dilution of CFDA SE. Supernatants were collected, and IFN-γ production was determined by ELISA (BD Biosciences).

To compare cross-priming ability among DC subsets that took up antibody-complexed OVAs, mice were injected with CFA alone on the footpads and popliteal LNs were isolated. The single-cell suspensions of the LNs were prepared by following the procedure for DC isolation. LN cells were plated in tissue culture plates and pulsed with soluble A647-OVA or A647-OVA-IC (equivalent to 1 μg OVA per LN) for 1 h. DCs that took up OVA were assessed as A647^+^ by flow cytometry. OVA^+^ DCs (CD64^+^ moDCs and CD64^+^ cDCs, 4 × 10^3^ cells) and OT-I cells (2 × 10^4^ cells) were sorted and co-cultured for 4 days in the presence of human IL-2 (50 U ml^−1^). Proliferation was determined by flow cytometry, based on the dilution of CFDA SE. We observed similar results with OVA-rabbit IgG and OVA-mouse IgG ICs.

Statistical analysis
--------------------

Data were analyzed using GraphPad PRISM 6 software. A two-tailed Student's *t*-test was applied unless otherwise indicated. The results are expressed as the mean±s.e.m. Significance was presented at *P*-values⩽0.05 (\*), ⩽0.01 (\*\*) and ⩽0.001 (\*\*\*), as indicated in the figures.

Results
=======

*Listeria* infection induces the formation of intranodal inflammatory foci and the production of IFN-γ
------------------------------------------------------------------------------------------------------

To better understand how the various immune cell types in LNs are choreographed to mount protective immunity during local infection, we infected the footpads of mice with *Listeria* and analyzed cellular dynamics in skin-draining LNs by IHC and flow cytometry. Subcutaneous infection has been used to track immune responses *in sync*.^[@bib9],\ [@bib38],\ [@bib39]^ In uninfected mice, a few CD11b^+^ myeloid cells are dispersed in the medullary region of the LN. Two days after infection, however, CD11b^+^ cell clusters were observed at three distinct locations: below the subcapsular sinus (SCS), in the interfollicular area (IFA) and in the paracortex ([Figure 1a--d](#fig1){ref-type="fig"}). These CD11b^+^ cell clusters lasted for 2 or 3 days and dissipated thereafter. Neutrophils (7/4^+^Ly6G^+^) were the major cell types detected in the clusters at these early time points, but they disappeared by day 4 ([Supplementary Figure 1a and b](#sup1){ref-type="supplementary-material"}). Monocytes (7/4^+^Ly6G^−^) were observed for a prolonged time in the clusters and spread into the deep paracortex thereafter. Interestingly, CD11c^+^ cells were observed primarily at the circumferences of the CD11b^+^ clusters ([Supplementary Figure 1c and d](#sup1){ref-type="supplementary-material"}). This result is similar to previous reports using subcutaneous infection with various pathogens, which triggers neutrophil swarming^[@bib38]^ and the re-distribution of NK cells and IFN-γ production.^[@bib13],\ [@bib38],\ [@bib39],\ [@bib40],\ [@bib41]^

*Listeria* was detected in LNs on day 1 post infection and cleared by day 4 (data not shown). The *Listeria* were located within the CD11b^+^ clusters on days 2 and 3 ([Figure 1a and b](#fig1){ref-type="fig"}), which might reflect that the pathogen is trapped in myeloid cell clusters to prevent its spread, as previously illustrated.^[@bib13]^ IFN-γ production was detected on days 2--4 ([Figure 1c and d](#fig1){ref-type="fig"}). Recruited NK cells produced IFN-γ more robustly than T cells ([Supplementary Figure 1e--g](#sup1){ref-type="supplementary-material"}). IFN-γ production was tightly associated with CD11b^+^ cell clusters ([Figure 1c and d](#fig1){ref-type="fig"}), and IFN-γ seems to be produced from NK cell clusters in the SCS, IFA and cortical ridge ([Figure 1e and f](#fig1){ref-type="fig"}).

The CD11b^+^ clusters described here coincide with the locations where T cells were shown to be activated.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ Neither heat-killed (HKLM) nor listeriolysin O-deficient (Δ*hly*LM) *Listeria*, which cannot invade the cytosol of the cells but can enter the draining LN, induced the clustering of CD11b^+^ or NK cells or the production of IFN-γ ([Supplementary Figure 1h--j](#sup1){ref-type="supplementary-material"}), indicating that intracellular invasion of *Listeria* is a pre-requisite for the induction of intranodal inflammation.

Collectively, these results show that *Listeria* infection induces a dynamic re-organization of various immune cell types in LNs, which may both confine *Listeria* and form core inflammatory foci that regulate the production of IFN-γ.

Time-course analysis of DC differentiation in the inflamed LN
-------------------------------------------------------------

To analyze the dynamic phenotypic changes of the myeloid cells that infiltrate the LNs of *Listeria*-infected mice, we first examined numerous cell surface markers, including CD64. We first excluded dead and lymphoid cells (T, B and NK cells) and then separated out the neutrophils (Ly6G^+^CD11b^+^; [Figure 2a and b](#fig2){ref-type="fig"}(i), purple) and inflammatory monocytes (7/4^hi^Ly6C^hi^; [Figure 2a and b](#fig2){ref-type="fig"}(ii), yellow-green). In agreement with previous reports,^[@bib23],\ [@bib24],\ [@bib25],\ [@bib26],\ [@bib27],\ [@bib28]^ CD64 expression was observed among the inflammatory monocytes ([Figure 2a and b](#fig2){ref-type="fig"}(ii, iii), yellow-green). The expression of CD64 was detected as early as day 1 post infection and transiently increased during the course of infection, implying its regulation by the inflammatory milieu. Starting on day 2 post infection, the CD64^+^ monocytes gradually differentiated into CD11c^+^MHCII^+^ DCs, designated here as 'CD64^+^ moDCs' ([Figure 2a and b](#fig2){ref-type="fig"}(iv), green). We also observed a dramatic increase of distinct CD64^+^ cells among 7/4^−^CD11b^+^ cells, beginning on day 2 and persisting throughout the course of infection ([Figure 2a and b](#fig2){ref-type="fig"}(v), orange; and [Supplementary Figure 2a](#sup1){ref-type="supplementary-material"}). The majority of the 7/4^−^CD64^+^ cells expressed a low level of Ly6C and a high level of MHCII ([Figure 2a and b](#fig2){ref-type="fig"}(vi)), and thus resembled the Ly6C^lo^MHCII^hi^ cells in the previously reported 'Mo-waterfall' plot that depicts the progressive differentiation of monocytes into macrophages.^[@bib24]^ The CD64^+^Ly6C^lo^MHCII^+^ cells were clearly distinct from CD64^+^ moDCs (Ly6C^hi^MHCII^int^). Although 30--70% of the 7/4^+^CD64^+^ monocytes were CD11c^+^MHCII^+^ DCs ([Figure 2a and b](#fig2){ref-type="fig"}(iv)), \~80% of the CD64^+^Ly6C^lo^MHCII^+^ cells expressed CD11c and MHCII ([Figure 2a and b](#fig2){ref-type="fig"}(vii)) at levels similar to those seen for CD64^−^CD11b^+^ cDCs (CD64^−^ cDCs; [Figure 2a and b](#fig2){ref-type="fig"}(viii), blue). Of note, we excluded NK1.1^+^ cells before analyzing CD11b^+^ cells as some activated NK cells (B220^+^, CD11b^int^)^[@bib42]^ also expressed CD64 ([Supplementary Figure 2b](#sup1){ref-type="supplementary-material"}).

Quantifications of the LN cells in *Listeria*-infected mice revealed distinct dynamics of the myeloid cell types during the inflammatory response ([Figure 2c](#fig2){ref-type="fig"} and [Supplementary Figure 2c](#sup1){ref-type="supplementary-material"}). In accordance with the IHC data ([Figure 1](#fig1){ref-type="fig"} and [Supplementary Figure 1a--d](#sup1){ref-type="supplementary-material"}), neutrophils displayed very transient infiltration of LNs, peaking at day 2 post infection, whereas 7/4^+^ inflammatory monocytes increased both in number and percentage beginning on day 1. The number and percentage of CD64^+^ moDCs followed the trend of monocytes with a one-day delay at the initiation. The 7/4^−^CD64^+^ and CD64^+^Ly6C^lo^MHCII^+^ cells increased beginning on day 2 but subsided after day 3. Finally, CD64^−^ cDCs transiently increased on days 1 and 2, preceding the emergence of CD64^+^Ly6C^lo^MHCII^+^ cells. In sum, we found the CD64^+^Ly6C^lo^MHCII^+^ DC-like cells that were present predominantly at inflamed LNs and expressed higher levels of MHCII compared to the CD64^+^ moDCs.

CCR7 is necessary for the recruitment of CD64^+^Ly6C^lo^MHCII^+^ cells
----------------------------------------------------------------------

Cells enter LNs via two routes: those from peripheral tissues (for example, skin) migrate via lymphatic vessels in a CCR7-dependent manner,^[@bib43],\ [@bib44]^ whereas blood-circulating cells enter LNs through high endothelial venules in a CD62L-dependent manner.^[@bib45]^ Previous studies showed that skin-resident DCs migrate to LNs through afferent lymphatic vessels and home near high endothelial venules in the paracortex,^[@bib46],\ [@bib47],\ [@bib48]^ where T cells are stimulated.^[@bib6],\ [@bib7],\ [@bib8],\ [@bib9],\ [@bib10]^ Our IHC analysis showed that 7/4^+^CD64^+^ monocytes and 7/4^−^CD64^+^ cells, distinct from 7/4^−^CD64^+^CD169^+^ medullary MPs, were within the CD11b^+^ clusters in the paracortex ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). CD11b^+^ cells clustered very near PNAd^+^ high endothelial venules and Lyve-1^+^ lymphatic vessels ([Supplementary Figure 4a](#sup1){ref-type="supplementary-material"}). Cluster-forming monocytes or 7/4^−^CD64^+^ cells did not infiltrate through high endothelial venules and their conversion into DC-like cells was CD62L-independent, as the administration of anti-CD62L antibody before *Listeria* infection decreased lymphocytes ([Supplementary Figure 4b](#sup1){ref-type="supplementary-material"}), but not monocytes and any of the CD64^+^ cells, in LNs ([Supplementary Figure 4c](#sup1){ref-type="supplementary-material"}).

Next, we tested whether CCR7 is required for the recruitment of CD64^+^ cells in our setting. First, we checked the LNs for resident and migratory DCs in WT and *Ccr7*-deficient (*Ccr7*^−/−^) mice after *Listeria* infection ([Supplementary Figure 4d](#sup1){ref-type="supplementary-material"}). Resident DCs were present in *Ccr7*^−/−^ mice to a comparable level to WT mice. However, many fewer migratory DCs were found in *Ccr7*^−/−^ mice compared to WT mice, as previously reported.^[@bib43]^ On days 2 and 3 post infection, CD11b^+^ cell clusters and IFN-γ production were observed beneath the SCS and in the IFA in the LNs of *Ccr7*^−/−^ mice, similar to the pattern seen in WT mice ([Supplementary Figure 4e](#sup1){ref-type="supplementary-material"}), indicating the dispensable role of CCR7 in CD11b^+^ cell cluster formation and IFN-γ production, particularly near the SCS. No difference in the infiltration of monocytes or their differentiation to CD64^+^ moDCs between WT and *Ccr7*^−/−^ mice was observed ([Figure 3a--d](#fig3){ref-type="fig"}). However, we found significant reductions of 7/4^−^CD64^+^ cells and CD64^+^Ly6C^lo^MHCII^+^ cells in *Ccr7*^−/−^ mice ([Figure 3e--h](#fig3){ref-type="fig"}). The number of CD64^−^ cDCs was also substantially reduced, affirming that they represent skin-originated migratory DCs ([Figure 3i and j](#fig3){ref-type="fig"}). The resemblance of CD64^+^Ly6C^lo^MHCII^+^ cells to CD64^−^ cDCs, in terms of their CCR7 dependency for migration to LNs, prompted us to investigate the origin of the CD64^+^Ly6C^lo^MHCII^+^ cells in more detail.

Intrinsic CCR2 is not required for the accumulation of CD64^+^Ly6C^lo^MHCII^+^ cells in inflamed LNs
----------------------------------------------------------------------------------------------------

To check whether the CD64^+^Ly6C^lo^MHCII^+^ cells originate from Ly6C^hi^ monocytes, we used *Ccr2*-deficient (*Ccr2*^−/−^) mice, which lack Ly6C^hi^ monocytes in blood circulation because their mobilization from BM depends on CCR2.^[@bib49]^ As expected, few Ly6C^hi^ monocytes were detected in the blood (data not shown) and LNs ([Figure 4a and b](#fig4){ref-type="fig"}) of *Ccr2*^−/−^ mice. The number of 7/4^−^CD64^+^ cells and CD64^+^Ly6C^lo^MHCII^+^ cells, but not CD64^−^ cDCs, was also substantially decreased in the LNs ([Figure 4c--h](#fig4){ref-type="fig"}), but some remaining 7/4^−^CD64^+^ cells were Ly6C^lo^MHCII^+^ ([Figure 4e and f](#fig4){ref-type="fig"}). These results suggest that CD64^+^Ly6C^lo^MHCII^+^ cells include CCR2-independent cells, which do not originate from monocytes. To further substantiate this notion, we generated mixed-BM chimeric mice by transferring a 1:1 mixture of BM cells from WT (CD45.1) and *Ccr2*^−/−^ (CD45.2) mice into irradiated WT mice. We analyzed the number of cells in the LNs 3 days after *Listeria* infection ([Figure 4i](#fig4){ref-type="fig"}). Although *Ccr2*^−/−^ BM cells were severely compromised in their ability to re-constitute the CD64^+^ moDC population, the WT and *Ccr2*^−/−^ cells almost equally re-populated CD64^+^Ly6C^lo^MHCII^+^ cells to a level similar to that seen for CD64^−^ cDCs. This result clearly suggests that a majority of CD64^+^Ly6C^lo^MHCII^+^ cells originate from cells other than CCR2-dependent monocytes.

FLT3 dependence and *Clec9a-cre*-mediated fate mapping of CD64^+^Ly6C^lo^MHCII^+^ cells
---------------------------------------------------------------------------------------

Next, we generated mixed-BM chimeric mice with WT and *Flt3*^−/−^ BM cells to test whether the accumulation of CD64^+^Ly6C^lo^MHCII^+^ cells in the LNs depends intrinsically on FLT3, a critical growth factor receptor for DC development and homeostasis^[@bib50]^ ([Figure 4j](#fig4){ref-type="fig"}). We found that while CD64^+^ moDCs differentiated equally well from both WT and *Flt3*^−/−^ BM cells, both CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs that originated from *Flt3*^−/−^ BM cells were present in fewer numbers than those from WT BM cells. We further examined the origin of CD64^+^Ly6C^lo^MHCII^+^ cells by generating the mixed-BM chimeric mice with WT and *Clec9a*-*cre*::ROSA-eYFP BM cells. In *Clec9a*-*cre*::ROSA-eYFP mice, cDC-originated cells, but not monocyte-derived cells, are genetically marked and visualized by the expression of eYFP.^[@bib51]^ We found that while eYFP was expressed minimally in CD64^+^ moDCs, a substantial portion of CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs expressed eYFP similarly ([Figure 4k](#fig4){ref-type="fig"}). Our IHC analysis of the LNs of *Clec9a*-*cre*::ROSA-eYFP BM chimeric mice demonstrates the localization of CD64^+^eYFP(*Clec9a*)^−^ moDCs and CD64^+^eYFP(*Clec9a*)^+^ cells that correspond to CD64^+^Ly6C^lo^MHCII^+^ cells within CD64^+^ cell clusters ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). We noted that CD64^+^eYFP(*Clec9a*)^+^ cells and CD64^−^eYFP(*Clec9a*)^+^ cDCs are positioned at the periphery of CD64^+^ cell clusters, which coincides with the location of CD11c^+^ cells ([Supplementary Figure 1c and d](#sup1){ref-type="supplementary-material"}). Thus, our results on the FLT3 requirement and fate mapping prove the cDC origin of CD64^+^Ly6C^lo^MHCII^+^ cells.

Transcriptome analysis reveals the cDC lineage of the CD64^+^Ly6C^lo^MHCII^+^ cells
-----------------------------------------------------------------------------------

To confirm the cDC lineage of the CD64^+^Ly6C^lo^MHCII^+^ cells based on gene expression profiles, we compared CD64^+^ moDCs, CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs by analyzing core cDC signature molecules and transcriptome analysis ([Figure 5](#fig5){ref-type="fig"}). Migratory DC subsets express core cDC signature genes including *Flt3*, *Ccr7*, *CD26* (*Dpp4*) and *Zbtb46*,^[@bib52]^ but not *Mertk*, a macrophage-specific gene.^[@bib53]^ Our flow cytometric analysis revealed that CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs displayed almost identical high-level expression profiles of CD26 and FLT3, whereas these markers were expressed at a very low level on CD64^+^ moDCs ([Figure 5a](#fig5){ref-type="fig"}). We could detect intracellular CCR7, but not cell surface CCR7, probably reflecting the internalization of CCR7 during the migration of cells to LNs. CCR7 was detected in CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs, but not in CD64^+^ moDCs ([Figure 5a](#fig5){ref-type="fig"}). A previous study used CD88 to distinguish moDCs from cDCs.^[@bib54]^ We found that CD88 is expressed only on the CD64^+^ moDCs, but not on CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs ([Figure 5a](#fig5){ref-type="fig"}). MERTK was detected on some CD64^+^ moDCs, but not on CD64^+^Ly6C^lo^MHCII^+^ cells or CD64^−^ cDCs ([Figure 5b](#fig5){ref-type="fig"}). Our findings on the differential expression of lineage marker proteins support the cDC lineage of the CD64^+^Ly6C^lo^MHCII^+^ cells.

To further establish the lineage relationships among CD64^+^ moDCs, CD64^−^ cDCs and CD64^+^Ly6C^lo^MHCII^+^ cells, we sorted them from *Listeria*-infected LNs at day 3 and CD11b^+^ migratory cDCs from uninfected mice. Then, we performed whole-transcriptome analysis through RNA sequencing of the sorted cells ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). Correlation analysis with core cDC signature gene sets ^[@bib52]^ and whole transcripts revealed that CD64^+^Ly6C^lo^MHCII^+^ cells showed higher correlation coefficients with CD64^−^ cDCs and steady-state CD11b^+^ cDCs than with CD64^+^ moDCs ([Figure 5c and d](#fig5){ref-type="fig"}). Principal component analysis also confirmed that the lineage relationships were closer among the cDC subsets than with the CD64^+^ moDCs ([Figure 5e](#fig5){ref-type="fig"}). Altogether, our findings establish the cDC lineage of the CD64^+^Ly6C^lo^MHCII^+^ cells. Therefore, we hereinafter term them 'CD64^+^ cDCs.'

Type I IFN receptor signaling contributes to CD64^+^ cDC generation
-------------------------------------------------------------------

A scatter plot analysis revealed genes showing \>2-fold differences in expression ([Figure 6a](#fig6){ref-type="fig"} and [Supplementary Table 2](#sup1){ref-type="supplementary-material"}). There were only \~800 differentially expressed genes between CD64^+^ cDCs and CD64^−^ cDCs, indicating their high degree of relatedness. A heat map analysis of differentially expressed genes with ⩾3-fold differences in expression yielded six distinct gene clusters ([Figure 6b](#fig6){ref-type="fig"}). The genes in cluster 1, which were more highly expressed in all cDC populations compared to the CD64^+^ moDCs, included core cDC signature genes, such as *Ccr7* and *Zbtb46*, and transcription factors that are necessary for DC development (for example, *Relb*, *Id2*, *Irf4* and *Batf3*). Cluster 4, and particularly cluster 5, included genes related to the inflammatory immune responses, innate immune signaling and cell death (for example, *Tlrs*, *Ddx58*, *Dhx58*, *Nlrp3* and *Bid*), suggesting that the CD64^+^ moDCs play major roles in these responses.

BATF3 is a major transcription factor required for the development of CD8α^+^ and its related CD103^+^ cDCs but dispensable for that of CD11b^+^ cDCs, although it is expressed in both CD8α^+^ and CD11b^+^ cDCs.^[@bib55],\ [@bib56]^ We found that all three CD11b^+^ cDC populations, but not CD64^+^ moDCs, express BATF3 ([Figure 6b](#fig6){ref-type="fig"}) and are present in LNs of *Batf3*^−/−^ mice to a comparable level to WT mice ([Figure 6c](#fig6){ref-type="fig"}). Interestingly, unlike the systemic infection of *Listeria* which enters the spleen via CD8α^+^ DCs,^[@bib55],\ [@bib57]^ we found no decrease of *Listeria* entry to LNs in *Batf3*^−/−^ mice, indicating that CD8α^+^ or CD103^+^ cDCs do not serve as a portal for *Listeri*a to enter LNs ([Figure 6d](#fig6){ref-type="fig"}).

Genes involved in type I IFN receptor signaling (for example, *Stat1*, *Stat2* and *Irf9*) were upregulated in all DC subsets under inflammatory conditions ([Figure 6b](#fig6){ref-type="fig"}; cluster 4). As previous studies showed that *Listeria* infection induced type I IFNs,^[@bib58],\ [@bib59],\ [@bib60]^ we tested the role of type I IFN receptor signaling in DC subset differentiation in WT and *Ifnar*^−/−^ mice at 2 days after infection with *Listeria* ([Figure 6e--g](#fig6){ref-type="fig"}). Type I IFN receptor signaling was dispensable for the development of CD64^+^ moDCs, but there were fewer CD64^+^ cDCs in *Ifnar*^*−/−*^ mice than in WT mice. Notably, the number of CD64^−^ cDCs was correspondingly increased, such that there was no change in the sum of CD64^+^ and CD64^−^ cDCs ([Figure 6f](#fig6){ref-type="fig"}), suggesting the possibility that CD64^−^ cDCs acquire CD64 in response to type I IFN receptor signaling. This decrease of CD64^+^ cDC differentiation was not due to fewer *Listeria* delivered to the LNs, because we found no difference in the bacterial load in the LNs between WT and *Ifnar*^−/−^ mice ([Figure 6g](#fig6){ref-type="fig"}). Our study suggests that inflammatory signals drive CD11b^+^ cDCs to differentiate into CD64^+^ cDCs that induce distinct gene expression from monocytes or moDCs.

CD64^+^ cDCs are potent antigen presenting cells that are highly efficient in cross-presenting soluble and IC antigens
----------------------------------------------------------------------------------------------------------------------

We examined whether CD64^+^ cDCs can be generated by a common immunization protocol using CFA. We immunized mice on the footpad with OVA protein admixed with CFA and analyzed the popliteal LNs 3 days later. We detected three DC subsets, CD64^+^ moDCs, CD64^+^ cDCs and CD64^−^ cDCs ([Figure 7a](#fig7){ref-type="fig"}), that displayed CD26, FLT3 and CCR7 expression profiles similar to those observed in *Listeria*-infected LNs ([Figure 7b](#fig7){ref-type="fig"}).

Next, we assessed the T-cell-stimulating capacity of the DC subsets. Three days after mice were immunized with OVA/CFA, we sorted CD64^+^ moDCs, CD64^+^ cDCs and CD64^−^ cDCs from the total LN cells and co-cultured the sorted cells with OVA-specific transgenic CD8^+^ (OT-I) or CD4^+^ (OT-II) T cells. Remarkably, CD64^+^ cDCs and CD64^−^ cDCs, but not CD64^+^ moDCs, cross-primed OT-I cells without exogenously added SIINFEKL antigenic peptides, although all cell types were capable of inducing T-cell proliferation in the presence of SIINFEKL peptides ([Figure 7c](#fig7){ref-type="fig"}). Similarly, CD64^+^ cDCs and CD64^−^ cDCs induced better OT-II cell proliferation and IFN-γ production compared to CD64^+^ moDCs ([Figure 7d](#fig7){ref-type="fig"}). Next, we examined antigen uptake by the DC subsets ([Supplementary Figure 7a--c](#sup1){ref-type="supplementary-material"}). We traced cells from inflamed LNs after pulse with fluorophore-conjugated OVA (A647-OVA) by flow cytometry. MoDCs were most efficient in taking up OVA, and CD64^−^ cDCs were the poorest ([Supplementary Figure 7a](#sup1){ref-type="supplementary-material"}). However, CD64^+^ cDCs were the largest population among OVA^+^ DC subsets in cell numbers ([Supplementary Figure 7b](#sup1){ref-type="supplementary-material"}), reflecting their large occupancy in DC populations ([Supplementary Figure 7c](#sup1){ref-type="supplementary-material"}). The expression of MHCII and a co-stimulatory molecule, CD86, at higher levels on CD64^+^ and CD64^−^ cDCs than that on moDCs, as observed both in *Listeria* infection and OVA/CFA immunization, may contribute to the more potent T cell-stimulation by cDCs ([Supplementary Figure 7d](#sup1){ref-type="supplementary-material"}).

CD64 is an Fcγ receptor that mediates the internalization of antigen--antibody ICs. To compare the ability of the three DC subsets to take up ICs, whole LN cells were isolated from mice injected with CFA alone and incubated *in vitro* with an IC of A647-OVA and control or anti-OVA antibody. OVA-ICs, but not OVA plus control IgG, increased dramatically the uptake of OVA by CD64^+^ moDCs and CD64^+^ cDCs, but not by CD64^−^ cDCs, compared to OVA alone ([Figure 7e](#fig7){ref-type="fig"}). Next, we examined the capacity of CD64^+^ DCs to cross-present antibody-complexed antigens. CFA-inflamed LN cells were pulsed with OVA-IC *in vitro* and then OVA^+^CD64^+^ DCs were sorted and co-cultured with OT-I cells ([Figure 7f](#fig7){ref-type="fig"}). Both CD64^+^ moDCs and CD64^+^ cDCs induced the proliferation of OT-I cells; however, CD64^+^ cDCs were superior in cross-priming antibody-complexed antigens than CD64^+^ moDCs, although the latter cells were better at IC uptake. Overall, these findings suggest that CD64^+^ cDCs induced by infection or CFA immunization serve as potent antigen-presenting cells that are highly capable of cross-priming both soluble and antibody-complexed antigens.

Discussion
==========

This report describes the highly coordinated regulation of inflammatory responses in bacterially infected LNs. We show that local *Listeria* infection through the skin induced the formation of CD11b^+^ myeloid cell clusters composed of neutrophils and inflammatory monocytes in draining LNs, and triggered IFN-γ production by NK cells surrounding these clusters. This inflammatory response in LNs appears to be correlated to Th1 differentiation (data not shown). Importantly, we show that inflammatory conditions generate two types of CD64^+^ DCs: CD64^+^ moDCs and CD64^+^ cDCs. Flow cytometry showed that the expression of the core cDC signature molecules was observed on CD64^+^ cDCs but not on CD64^+^ moDCs. Conversely, the macrophage signature protein, MERTK, was detected on CD64^+^ moDCs but not on CD64^+^ cDCs. For recruitment to LNs, CCR7 is required by CD64^+^ cDCs but not by CD64^+^ moDCs, whereas intrinsic CCR2 is absolutely required by CD64^+^ moDCs but not by CD64^+^ cDCs. CD64^+^ cDCs, but not CD64^+^ moDCs, depend on FLT3 for LN accumulation and can be marked by the cDC lineage-tracer gene, *Clec9a*. Our transcriptome analysis further corroborated that CD64^+^ cDCs are more closely related to CD64^−^ cDCs than to CD64^+^ moDCs. *Ifnar*^−/−^ mice were characterized by a decrease in CD64^+^ cDCs and a corresponding increase in CD64^−^ cDCs, but no change in CD64^+^ moDCs. Finally, CD64^+^ cDCs were capable of stimulating T-cell proliferation and differentiation, and cross-priming CD8^+^ T cells, whereas CD64^+^ moDCs were much less effective in this regard. This result is in line with a previous study reporting the different T-cell stimulating ability between moDCs and cDCs.^[@bib54]^ Altogether, for the first time, our comprehensive analysis of the various CD64^+^ cells provides convincing evidence for *bona fide* cDC-originated CD64^+^Ly6C^lo^MHCII^+^ cells that act as very potent T-cell stimulators ([Supplementary Table 3](#sup1){ref-type="supplementary-material"}).

Previous studies used *Clec9a* (DNGR-1) and *Zbtb46* to genetically trace cDC-lineage cells.^[@bib51],\ [@bib61],\ [@bib62]^ In *Clec9a-cre*::ROSA-eYFP mice, some CD64^+^CD11c^+^MHCII^+^ cells in the kidney were shown to be eYFP-labeled and derived from common DC precursors.^[@bib51]^ We also verified the cDC origin of CD64^+^ cDCs by using mixed-BM chimera generated with BM cells of WT and *Clec9a-*cre::ROSA-eYFP or WT and *Flt3*^−/−^mice. It was reported that inflammation in the colon recruits two types of CX~3~CR1-GFP^int^ cells to the intestine in *CX*~*3*~*CR1*-GFP mice:^[@bib61]^ Ly6C^lo^MHCII^hi^ and Ly6C^hi^MHCII^int^ cells. Microarray analysis showed that the Ly6C^lo^ cells exhibited gene expression profiles that were quite distinct from those of Ly6C^hi^ cells. Moreover, Ly6C^lo^ cells displayed the expression of cDC signature genes (*Ccr7*, *Flt3* and *Zbtb46*) and stimulated naive T cells better than Ly6C^hi^ cells. Thus, we postulate that the inflammation-induced intestinal Ly6C^lo^CX~3~CR1-GFP^int^ cells (CD11c^hi^MHCII^hi^) and Ly6C^hi^CX~3~CR1-GFP^int^ cells (CD11c^lo/int^MHCII^int^) would be equivalent to the CD64^+^ cDCs and CD64^+^ moDCs described herein, respectively. Unfortunately, our numerous attempts at adoptive transfer to show that CD64^+^ cDCs were derived from DC precursors but not monocytes failed, probably because inflammatory conditions yield an environment that is unfavorable for the survival or differentiation of transferred cells. Recently, GM-CSF-cultured BM cells were found to be composed of cDCs (GM-DCs) and MPs (GM-Macs).^[@bib63]^ These GM-DCs resembled our CD64^+^ cDCs in terms of their surface expression of CD64, core cDC signature genes and T-cell-stimulating ability. Interestingly, our mixed-BM chimeric mice of WT and *Ccr2*^−/−^ cells exhibited lower (although not significantly different) chimerism of the CD64^+^Ly6C^lo^MHCII^+^ cells compared to CD64^−^ cDCs ([Figure 4i](#fig4){ref-type="fig"}), probably reflecting the heterogeneity of the CD64^+^ cells. Furthermore, we found that some, but not all, CD64^+^ moDCs express MERTK. As the co-expression of CD64 and MERTK has been used to define macrophages, a portion of CD64^+^ moDCs may contain cells that can be classified as macrophages. In the future, questions on the ontogenic relationships between the aforementioned DC and macrophage-like cells should be answered through the development of more sophisticated mouse tools.

We show that CD64^+^ cDCs express higher levels of MHCII and constitute the largest DC population in inflamed LNs; it is likely that they serve as major antigen-presenting cells for CD4^+^ T cells. Importantly, we demonstrate that CD64^+^ cDCs are capable of cross-presenting to CD8^+^ T cells, in particular, low dose antigens complexed with antibodies, indicating that they are specialized to concentrate minute antigens through FcγRs. Although CD8α^+^ or CD103^+^ cDCs got attention from past studies for their efficient cross-presentation, CD11b^+^ cDCs have also been shown to be capable of cross-presenting antigens which are complexed with cognate antibodies.^[@bib64],\ [@bib65],\ [@bib66]^ As a part of CD11b^+^ cDCs, the function of CD64^+^ cDCs described in our study is in line with previous studies. As we showed that Ab-complexed antigens could be taken up more efficiently by CD64-expressing cells, we speculate that CD64^+^ cDCs might play a role in a secondary response to infection by utilizing antibodies that are generated against the infectious agent in primary infection. Pre-existing antibodies could form ICs and facilitate the uptake of pathogens by DCs via Fc receptors, which will lead to the activation of T cells at a lower concentration of antigens. In contrast, CD64^+^ moDCs, which showed a more robust inflammatory response program in our transcriptome analysis, may serve to eliminate pathogens and provide the inflammatory milieu. In concert, our findings shed new light on the inflammatory responses in LNs that can drive the differentiation of multiple types of DCs. Further investigations are needed to examine how the core competencies of the different DC subsets cooperate to orchestrate the innate and adaptive immune responses.
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![*Listeria* infection-induced intranodal inflammation. (**a**--**f**) Mice were subjected to footpad infection with 2 × 10^3^ wild-type *Listeria*. Popliteal lymph nodes were collected at the indicated times and sectioned. Fluorescence micrographs of myeloid cells (CD11b), natural killer (NK) cells (NK1.1), B cells (B220), *Listeria* and IFN-γ are color-matched and shown. The SCS, IFA and paracortex are denoted by stars (\*), arrowheads and arrows, respectively. The original magnifications of **a**, **c** and **e** are ×40. Magnified images of the insets in **a**, **c** and **e** at day 2 and 3 are shown in **b** (×200) and **d** and **f** (×100). Scale bars, 200 μm. Data are representative of three independent experiments (*N*=2 mice per group).](emm2017292f1){#fig1}

![Time-course analysis of myeloid cells that infiltrate *Listeria*-infected lymph nodes (LNs). (**a**) A gating scheme to delineate myeloid cells from the popliteal LNs of mice infected with 2 × 10^3^ wild-type *Listeria*. Cells are color-coded: neutrophils, purple; 7/4^hi^ inflammatory monocytes, yellow-green; CD64^+^ moDCs, green; 7/4^−^CD64^+^ cells, orange; CD64^+^Ly6C^lo^MHCII^+^ cells, red; and CD64^−^CD11b^+^ cDCs, blue. The cells analyzed and presented in **b** are marked with Roman numerals (i--viii). (**b**) Flow cytometric analysis of cells separated and denoted in **a**. Cells were collected at the indicated days post infection. (**c**) Quantification of the results presented in **b**. Data are representative of three independent experiments (mean±s.e.m.; *N*=4 mice per group).](emm2017292f2){#fig2}

![CCR7 is required for the accumulation of CD64^+^Ly6C^lo^MHCII^+^ cells in inflamed lymph nodes (LNs). Wild-type or *Ccr7*^−/−^ mice were infected with 2 × 10^3^ *Listeria* and popliteal LNs were isolated on the indicated days. Cells were separated and categorized as described in [Figure 2](#fig2){ref-type="fig"}. (**a**, **c**, **e**, **g** and **i**) Flow cytometric analysis of the indicated cells. Numbers indicate the percentages of the gated cells among the indicated cells. (**b**, **d**, **f**, **h** and **j**) Quantification of the indicated cells gated as described in **a**, **c**, **e**, **g** and **i**. Data are representative of three independent experiments (mean±s.e.m. of *N*=4 mice per group).](emm2017292f3){#fig3}

![Intrinsic CCR2 is dispensable for the accumulation of CD64^+^Ly6C^lo^MHCII^+^ cells in lymph nodes (LNs). (**a**--**h**) Wild-type (WT) or *Ccr2*^−/−^ mice were infected with 2 × 10^3^ *Listeria* and popliteal LNs were isolated on the indicated days. Cells were separated and categorized as described in [Figure 2](#fig2){ref-type="fig"}. (**a**, **c**, **e** and **g**) Flow cytometric analysis of indicated cells. Numbers indicate the percentages of gated cells among the indicated cells. (**b**, **d**, **f** and **h**) Quantification of the indicated cells gated as described in **a**, **c**, **e** and **g**. Data are representative of three independent experiments (mean±s.e.m. of *N*=4 mice per group). (**i**--**k**) Mice were reconstituted with a 1:1 mixture of BM cells from WT and *Ccr2*^−/−^ mice (**i**) or WT and *Flt3*^−/−^ (**j**) or a 1:2 mixture of BM cells from WT and *Clec9a*-*cre*::ROSA-eYFP mice (**k**). They were then infected with 2 × 10^3^ *Listeria* and LN cells were analyzed 3 days later. (**i** and **j**) The ratios between the indicated cells from knockout and WT BM cells are shown. Chimerism was normalized to those of B cells (WT/*Ccr2*^−/−^ chimera) or neutrophils (WT/*Flt3*^−/−^ chimera). (**k**) Percentages of eYFP^+^ cells among DC subsets are shown. Data are pooled from three (**i**) or two (**k**) independent experiments. (**j**) Data are representative of two independent experiments. Each symbol represents an individual mouse; horizontal lines indicate the mean (±s.e.m. of *N*=3--6 mice per group per experiment). *P*-values are shown.](emm2017292f4){#fig4}

![CD64^+^Ly6C^lo^MHCII^+^ cells display gene expression profiles of cDC-lineage cells. (**a**) The expressions of CD26, FLT3, CCR7 and CD88 were analyzed in the indicated cells using flow cytometry at day 3 post infection. Gray-filled histograms, isotype controls. Data are representative of three independent experiments (*N*=2 or 3 mice per group). (**b**) Mice were infected with 2 × 10^3^ *Listeria* and popliteal lymph nodes (LNs) were isolated on day 3. CD64^+^ moDCs, CD64^+^Ly6C^lo^MHCII^hi^ cells and CD64^−^ cDCs were analyzed for MERTK expression by flow cytometry. Numbers indicate the percentages of MERTK-expressing cells. (**c**--**e**) DCs from infected (CD64^+^ moDCs, CD64^+^Ly6C^lo^MHCII^+^ cells and CD64^−^ cDCs) and uninfected (steady-state (s.s.)) migratory CD11b^+^ cDCs. LNs were sorted and subjected to RNA sequencing (RNA-seq). Pearson correlation coefficients were calculated among the cDC signature gene expression profiles (**c**) and whole transcript expression profiles (**d**) of the DC subsets. Numbers indicate the correlation coefficients. (**e**) Principal component analysis of whole-gene expression profiles of the DC subsets. The percentage of the total variance of the genes representing each axis is shown in parentheses. Each dot represents an individual sample and is color-coded for each DC type.](emm2017292f5){#fig5}

![Type I IFN receptor signaling enables CD64^+^ cDC generation. (**a**) Scatter plots of whole-gene expression the DC subsets. The average gene expression of duplicates of each DC subset is shown. The numbers of genes showing \<1.5-fold difference in expression between subsets are shown in black. The genes showing ⩾2-fold difference in expression are numbered and color-matched with the relevant DC subsets. RNAs were analyzed from biological duplicates of each DC subset. There were more genes showing ⩾2-fold differences in expression when we compared each cDC subset to the CD64^+^ moDCs, versus comparing the cDC subsets to one another. (**b**) Heat map of differentially expressed genes (those whose expression levels showed a ⩾3-fold change between cell types and a \<3-fold difference between duplicates). Genes were grouped into six clusters and are listed along with their gene ontologies in [Supplementary Table 2](#sup1){ref-type="supplementary-material"}. (**c** and **d**) Wild-type (WT) or *Batf3*^−/−^ mice were infected with 2 × 10^3^ *Listeria* and popliteal lymph nodes (LNs) were collected at day 3 (**c**) or day 1 and 2 (**d**) after infection. (**c**) Cells were analyzed by flow cytometry. (**d**) Viable bacteria were quantified. Each symbol represents an individual mouse; horizontal lines indicate the mean (±s.e.m. of *N*=3 mice per group). (**e**--**g**) WT or *Ifnar*^−/−^ mice were infected with 2 × 10^3^ *Listeria* and popliteal LNs were collected at day 2 (**e** and **f**) or day 1 and 2 (**g**) after infection. (**e** and **f**) Cells were analyzed by flow cytometry. (**e**) The cell numbers of CD64^+^ moDCs and 7/4^−^CD64^+^ cells within the LNs are shown in the graphs. (**f**) The sum of CD64^−^ cDCs (blue bar) and CD64^+^ cDCs (red bar) cell numbers is shown in the graphs. Mean±s.e.m. of *N*=4 mice per group. (**g**) Viable bacteria were quantified. Data are representative of two independent experiments. Each symbol represents an individual mouse; horizontal lines indicate the mean (±s.e.m. of *N*=3 mice per group).](emm2017292f6){#fig6}

![CD64^+^ cDCs are potent antigen-presenting cells capable of cross-priming CD8^+^ T cells. (**a**) Mice were subjected to footpad immunization with OVA (20 μg) in CFA, popliteal lymph node (LN) cells were obtained on day 3 and DC subsets were analyzed by flow cytometry. Cells were analyzed by flow cytometry and designated as in [Figure 2](#fig2){ref-type="fig"}. (**b**) Expressions of the cDC signature molecules (CD26, FLT3 and CCR7) among the indicated cells. Gray-filled histograms, isotype controls. Data are representative of three independent experiments (*N*=2 or 3 mice per group). (**c** and **d**) CD64^+^ moDCs, CD64^+^ cDCs and CD64^−^ cDCs (5 × 10^3^) were sorted from LNs of mice immunized as described in (**a**) and co-cultured with CFDA SE-labeled OT-I cells (2.5 × 10^4^) for 3 days with or without 1 μg ml^−1^ OVA~257--264~ (SIINFEKL) peptides (**c**) or OT-II cells (10^4^) for 5 days with 100 ng ml^−1^ OVA~323--339~ peptides (**d**). (**c**) Proliferation of OT-I cells assessed by CFDA SE dilution. Gray-filled histograms, OT-I cells only. Numbers indicate the percentage of proliferating cells, indicated by CFDA SE dilution. (**d**) Upper panels: proliferation of OT-II cells was assessed by CFDA SE dilution. DC subsets are shown and color-coded; gray-filled histograms, OT-II cells only. Lower graph: the amount of IFN-γ in the culture supernatants is measured by ELISA. Data are representative of three independent experiments. (**e**) Mice were subjected to footpad injection with CFA. Popliteal LN cells were obtained on day 3 and pulsed with A647-OVA alone (1 μg, white) or OVA-ICs prepared by incubating A647-OVA (1 μg) and rabbit control (25 μg, gray) or anti-OVA antibody (25 μg, black) for 3 h *in vitro*. Percentages of A647-OVA^+^ cells among DC subsets are shown. Data are representative of three independent experiments with biological triplicates (mean±s.e.m.). (**f**) LN cells were prepared and treated as described in **e**, but with a 1 h pulse of OVA-IC. A647-OVA^+^ DCs (4 × 10^3^) were sorted and co-cultured with CFDA SE-labeled OT-I cells (2 × 10^4^) for 4 days. Proliferation of OT-I cells was assessed by CFDA SE dilution. DC subsets are shown and color-coded; gray-filled histograms, OT-I cells only. Data are representative of three independent experiments.](emm2017292f7){#fig7}
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